The patterns of genetic variability of seven Bulbophyllum Thouars species were investigated using 14 enzymatic loci, and compared with those of other Neotropical myophilous orchid species. The genetic variability estimated was very high ( H e = 0.39-0.61, P = 86-100%, A = 2.6-3.8), despite the small population sizes, which may be explained by the vegetative reproduction. Of the three species with multiple populations, only B. epiphytum showed moderate values of genetic structuring. Environmental characteristics and seed dispersal mechanisms are important in understanding the differences in the population structure observed. Almost all pairs of species showed low genetic similarity, indicating a long period of divergence. Our results suggest that B. adiamantinum and B. insectiferum , species currently classified in different sections of the genus, are more closely related than previously thought.
INTRODUCTION
Myophily (fly pollination) is the second most frequent pollination syndrome in Orchidaceae (Christensen, 1994) , occurring in nearly 25% of species. The Neotropical subtribe Pleurothallidinae ( c . 4000 spp.) and the pantropical genus Bulbophyllum Thouars ( c . 1100 spp.) are the largest myophilous groups in the family (van der Pijl & Dodson, 1966) . These two groups are not closely related, being positioned in different tribes of the subfamily Epidendroideae, and, accordingly to Dressler (1993) , represent one of the most interesting examples of floral convergence caused by similar pollination systems.
Several myophilous Bulbophyllum and Pleurothallidinae species occur in Brazilian 'campos rupestres' and related vegetation types (Giulietti et al ., 1987; Harley, 1995) , where they exhibit similar reproductive characteristics. Species belonging to both groups are pollinated mainly by flies of the families Milichiidae, Phoridae, and Chloropidae (Dipterae), which perform long visits and fly short distances between plants, a behaviour that enables self-pollination and crosspollination between neighbouring individuals (Borba & Semir, 1998 Verola, 2002) . 'Campos rupestres' are rocky fields that occur on the peaks of mountains (900-1800 m above sea-level), characterized by shallow and sandy soil and a high degree of outcropping (Joly, 1970; Giulietti & Pirani, 1988) . As 'campos rupestres' are restricted to the highest areas, they form isolated patches that were originally surrounded by the Brazilian savanna, called 'cerrado', in the south-eastern region and the Brazilian dry woodland, called 'caatinga', in the north-eastern region. The 'campos rupestres' have the highest endemism of the Brazilian vegetation types and present a great diversity of species that, in general, show a fragmented distribution (Giulietti & Pirani, 1988; Borba et al ., 2001b) .
As a result of the reproductive characteristics and spatial distribution, a reduced intrapopulation genetic variability and a high population differentiation in the species of both myophilous groups are expected. However, all Acianthera (formerly Pleurothallis subgenus Acianthera , Pleurothallidinae) species already studied present high intrapopulation genetic variability and moderate to low genetic structure, except for one very widely distributed species and one unusually disjunct population in another species (Borba et al ., 2001b) . The occurrence of vegetative reproduction, the presence of barriers to self-pollination and self-fertilization, and wind seed dispersal are probably the factors responsible for this pattern (Borba & Semir, 2001; Borba, Semir & Shepherd, 2001a) .
The paper by Borba et al . (2001b) is the only publication so far on the genetic characteristics of populations of orchids belonging to the major myophilous groups. With the increase in studies on the reproductive biology of Neotropical Bulbophyllum and Pleurothallidinae species (Braga, 1977; Sazima, 1978; Chase, 1985; Borba & Semir, 1998 Borba, Shepherd & Semir, 1999; Singer & Cocucci, 1999; Borba et al ., 2001a; Verola, 2002) , further comparisons on the evolutionary biology of these groups can now be undertaken.
Thus, in this paper, we present a study on the genetic patterns of seven Bulbophyllum species occurring in the Brazilian 'campos rupestres' and associated vegetation types investigated by isozyme electrophoresis, and compare our results with the findings in Acianthera species by Borba et al . (2001b) . The species of Bulbophyllum studied were grouped into three sections according to Pabst & Dungs (1975) , and 0.1% β -mercaptoethanol, pH 7.0 (Sun & Gardens, 1990 ; with modifications). Extracts were absorbed on to 1.0/0.3 cm Whatman #3 paper wicks, which were loaded into 8.5% starch gels (Sigma hydrolysed potato starch). Five buffer systems were used. System 1: electrode, 0.04 M citric acid adjusted to pH 6.1 with N -(3-aminopropyl)-morpholine; gel, electrode buffer diluted 1 : 20 (Clayton & Tretiak, 1972) . System 2: system 1 adjusted to pH 7. Standard horizontal electrophoresis was performed until the inner marker (bromophenol blue) reached 9 cm from the application site, using the following running conditions: systems 1, 3, 4, and 5, 30 mA; system 2, 100 V. Twelve enzymatic systems with sufficient resolution for reading were used: buffer system 1, shikimic dehydrogenase (SKDH, E.C. (Rice, 1989) . The inbreeding coefficients were estimated by F IS and f , and the genetic structure by F ST and θ (Weir & Cockerham, 1984) . Bootstrapping over loci was applied to provide 95% confidence intervals for f and θ estimates. Matrices of genetic identities [Nei's (1978) unbiased genetic identity] were calculated and used for cluster analysis with unweighted pair group method with Arithmetic mean (UPGMA; Sneath & Sokal, 1973) . All calculations were performed using the Tools for Population Genetics Analysis (TFPGA) program (Miller, 1997) , except for Spearman's correlation coefficient, which was calculated with the BioEstat 2.0 program (Ayres et al ., 2000) . The UPGMA dendrogram was calculated using the BIOSYS-2 program (Swofford & Selander, 1989) .
RESULTS

INTRAPOPULATION VARIABILITY
Fourteen loci presented good resolution and were used in this study. Species with a fragmented distribution and small population size, common characteristics of tropical orchids, may be subject to genetic drift, and may present low intrapopulation genetic diversity and high population differentiation. This applies, in particular, to fly-pollinated orchids that frequently present low fruit set, which will result in small N e when gene flow between populations is limited. In these situations, genetic drift is the most likely source of evolutionary change and most genetic variation will occur between populations (Ellstrand & Elam, 1993; Tremblay et al., 2005) . However, all Bulbophyllum populations analysed here showed high genetic variability, higher than that usually described for other species, including orchids (Hamrick & Godt, 1990; Scacchi, De Angelis & Lanzara, 1990; Corrias et al., 1991; Klier, Leoschke & Wendel, 1991; Case, 1994; Sharma et al., 2001;  [ Nei's (1978) unbiased estimate]; N, mean sample size; P, percentage of polymorphic loci (0.95 criterion). Sharma, Jones & French, 2003) . The values were higher than the means described for monocotyledons and perennial herbs with wind seed dispersal and sexual reproduction (Hamrick & Godt, 1990) , and higher even than the values found in Acianthera species (Borba et al., 2001b) . The individual longevity as a result of vegetative reproduction in these species can, in part, explain the high intrapopulation genetic variability, as the same genotype can be maintained in a population for several reproductive events, reducing the influence of genetic drift (Ellstrand & Roose, 1987; Ellstrand & Elam, 1993; Young, Boyle & Brown, 1996) . Moreover, gene flow may be considered, because it is an essential component of evolutionary processes that may determine which evolutionary forces will influence individual populations. A gene flow greater than two individuals per generation is sufficient to prevent local differentiation, and can account for the high intrapopulation genetic variability observed (Ellstrand & Roose, 1987; Tremblay et al., 2005) .
In these Bulbophyllum species, the mechanical barriers to self-pollination and the genetic barriers to selffertilization (Verola, 2002) probably also play a role in maintaining the genetic variability. In general, such mechanisms are not common in Orchidaceae, but are very frequent in fly-pollinated species, such as species of Pleurothallidinae (Chase, 1985; Singer & Cocucci, 1999; Borba & Semir, 2001; Borba et al., 2001a) , and in other orchids pollinated by visitors presenting a behaviour that enables self-pollination (van der Pijl & Dodson, 1966; Adams & Goss, 1976; . Values of genetic variability lower than those reported here were found in the Neotropical myophilous B. weddellii (Lindl.) Rchb.f. (H e = 0.21) and B. involutum Borba, Semir & F.Barros (H e = 0.35), both self-compatible species, but the latter presenting mechanical barriers to self-pollination (C. O. Azevedo, E. L. Borba and C. van der Berg, unpubl. data).
In spite of the self-incompatibility mechanisms in the Bulbophyllum species studied (Verola, 2002) , all populations showed at least one locus in HardyWeinberg disequilibrium, providing evidence that the pollen dispersal is spatially restricted, and in accordance with the localized behaviour of the small pollinator flies. This and the small population sizes can account for some inbreeding that may result in the significant coefficients observed (F IS and f ).
SPECIES GENETIC STRUCTURE: B. PLUMOSUM, B. EPIPHYTUM, AND B. ADIAMANTINUM
The reproductive patterns in orchids and the fragmented distribution of the Bulbophyllum species Table 5 . Matrix of genetic identities [Nei's (1978) unbiased estimate] between 12 populations of seven Bulbophyllum species based on 14 allozyme loci 771 -studied may promote small N e and a large interpopulation genetic differentiation. However, B. adiamantinum and B. plumosum showed no differentiation between their populations (low F ST and θ not significant), similar to that described for the majority of Acianthera species (Borba et al., 2001b) . Gene flow can prevent local differentiation, and it is this process that may explain this pattern (Tremblay et al., 2005) . The wind dispersal mechanism of Orchidaceae, which has very light, small, and numerous seeds (dust diaspora; Dressler, 1993) , and the longevity of these species, may explain the low population divergence observed (as found by Chung & Chung, 1999) , considering that pollen dispersal is spatially restricted. Just two exclusive low-frequency alleles were found (B. adiamantinum sample I/ADH-1 1.15 ; B. plumosum sample IV/ADH-3 1.0 and ADH-3 1.07 ), confirming a gene flow sufficient to maintain the population homogeneity of the species.
Conversely, B. epiphytum, despite the reproductive similarities with the other species, showed significant population structure. This species is epiphytic, occurring in gallery forests separated by vast open fields, where wind seed dispersal may be difficult. However, we cannot discount the possibility that selection may be partly responsible for the observed pattern of differentiation. Similar moderately high genetic structure was observed in Acianthera ochreata (Lindl.) Pridgeon & M.W.Chase, a species widely distributed (Borba et al., 2001b) . In such situations, wind seed dispersal does not seem to be an efficient cohesive force to avoid the differentiation of populations.
Species belonging to other plant groups occurring in the 'campos rupestres', such as Asteraceae (Jesus et al., 2001) , Eriocaulaceae (A. C. S. Pereira, E. L. Borba & A. M. Giulietti, unpubl. data) and Cactaceae (Lambert et al., 2006 ; M. C. Machado, D. C. Zappi, E. L. Borba & S. M. Lambert, unpubl. data) , presented higher values of genetic structure than those observed in myophilous Bulbophyllum and Pleurothallidinae species.
INTERSPECIFIC PHENETIC RELATIONSHIPS
The Bulbophyllum species showed interspecific genetic similarities below the critical value for congeneric plant species (I = 0.75; van der Bank, van der Bank & van Wyk, 2001 ). This low identity may indicate a long period of divergence or the influence of local evolutionary forces.
Bulbophyllum insectiferum and B. adiamantinum, which were grouped together in the cluster analysis, are very similar morphologically, mainly in vegetative but also in some particular flower traits, and present similar pollination mechanisms (Verola, 2002) . In spite of this, Pabst & Dungs (1975) classified them in different sections of the genus, B. adiamantinum being positioned in Bulbophyllum sect. Micrantha and B. insectiferum being positioned in Bulbophyllum sect. Bulbophyllaria. These results suggest that, in this genus, vegetative characters may be more informative to identify the genetic relatedness between species than floral characters, as observed in other orchid groups (Chase & Palmer, 1992; van den Berg et al., 2000; Borba et al., 2001b Borba et al., , 2002 . However, the morphologically similar B. plumosum and B. bidentata presented very low values of genetic identity, indicating that an appropriate phylogenetic analysis is necessary to elucidate the relationships between the Neotropical Bulbophyllum species.
Another cluster was composed of B. epiphytum and B. rupicolum, with B. rupicolum nested in the B. epiphytum populations, suggesting a clear phylogenetic proximity between them. The observed pattern may indicate either introgression between these species or conspecificity. The low genetic identity between the populations of B. epiphytum is intriguing and cannot be explained by geographical distance alone. The small population size and the fragmented distribution suggest a role of local forces (genetic drift and episodic selection) in the evolution of these species (Tremblay et al., 2005) . However, this may be occurring only in B. epiphytum, where gene flow is proposed to be low. The study of other populations and the investigation of the geographical distributions and reproductive compatibility will be very useful in delimiting the species in this group. A taxonomic revision of the Neotropical Bulbophyllum species, population genetic data, and other biosystematic approaches are needed to obtain a better understanding of the systematics of the genus.
